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Synopsis 


Hydrogenated amorphous silicon (a-Si:H) is a promising material in 
amorphous semiconductor industry. The material finds its apphcations 
in fabricating devices like photovoltaic cells, photoreceptors, photocon- 
ductors, thin film transistors, large area image sensors, color detec- 
tors, X-ray detectors and fluoroscopy in medical imaging and many 
more. This is possible because unlike other amorphous semiconduc- 
tors, the density of localised states at Fermi level in a-Si:H is very low 
and the material can be efficiently doped both p 
and n type by suitable addition of dopant gases prior to deposition. 
The absence of long range order in a-Si:H results in exponential tails 
of localized states in the gap whereas the dangling bonds give rise to 
deep gap defect states. These localized states in the gap control the 
electronic properties of this material and have been studied by various 
techniques. 
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The characteristics of a-Si;H based devices are found to change with 
prolonged use. For example, the efficiency of a-Si:H solar cells de- 
creases and stabilizes at a smaller value after exposure to sun light 
for a few hours. The degradation of a-Si:H after exposure to light, com- 
monly known as the Steabler-Wronski Effect, is found to be accompa- 
nied by an increase in the density of localized states and a decrease in 
the carrier diffusion length. 

There have been several reports on the measurement of lateral pho- 
toeffects in a-Si:H p4-n other device structure. In these studies, the 
devices are reverse biased and one finds a photovoltage between two 
coplanar electrodes, as the space between them is illuminated by a 
laser spot. This lateral photovoltage (LPV) depends on the position 
of the spot. We found that a large LPV appears between two coplanar 
electrodes on intrinsic a-Si:H thin films with no p4-n structure. Also, 
the open circuit voltages are as high as hundred millivolts. This is 
quite interesting since this indicates the possibility of using a-Si:H as 
a large area position sensitive detector. 

We have measured LPV as a function of temperature for different 
positions of illumination on a-Si:H and a-SiGe:H samples. The posi- 
tion dependence of LPV is qualitatively similar in all cases while the 
magnitudes differed from sample to sample. Also, LPV decreases as 
the measurement temperature increases. One may try to understand 
the observed LPV as follows: when the sample is illuminated nonimi- 
formly, a diffusion of the photogenerated carriers occurs towards the 



XV 


low concentration (dark) region. Since the diffusion lengths of elec- 
trons and holes are different, they setup different charge profiles, and 
if the illuminated region is situated closer to one of the electrodes than 
the other, this gives rise to the observed LPV. In order to understauid 
the relationship between diffusion lengths of carriers and LPV, we 
measured the ambipolar (hole in a-Si:H) diffusion length by the Steady 
State Photocarrier Grating (SSPG) technique. We found that when 
the samples are light soaked (LS) by exposure to a uniform strong il- 
lumination for a long time, the diffusion length decreases. This is in 
agreement with the published results. However, contrary to our ex- 
pectations, LPV increases. Further, the magnitude of LPV is much 
larger than estimated from a suitable model. This is makes LPV an 
interesting problem to study 

An analysis of LPV is done in terms of diffusion of photogener- 
ated electrons and holes. The charge profiles of electrons and holes are 
determined from the diffusion lengths and number of photogenerated 
carriers during LPV measurements. It turns out that whereas the 
position dependence of LPV can be explained qualita,tively the calcu- 
lated magnitude of LPV is much smaller than observed. We propose 
that the observed large magnitude of LPV has to do with the hetero- 
geneities present in the samples. This model can also accoimt for the 
behaviour of LPV upon light soaking. 



Organization of the Thesis 


The thesis is divided in six chapters. The first chapter describes in 
brief the electronic properties of hydrogenated amorphous silicon, and 
discusses the rigid band and potential fluctuation models which have 
been proposed to explain its properties. Various interesting photoef- 
fects observed in semiconductors are discussed. An introduction to our 
studies of Lateral Photovoltages in a-Si:H and a-SiGe:H thin films is 
also presented here. The second chapter describes the preparation of 
a-Si:H and a-SiGe:H samples by glow discharge technique. The struc- 
tural, electrical and optical characterizations are presented alongwith 
a brief description of the setup used for band gap, density of states, 
dark and photoconductivity measurements. The experimental setup 
used for LPV as well as Steady State Photocarrier Grating (SSPG) 
techniques are also described. The principle and theory of the Steady 
State Photocarrier Grating technique are presented in Chapter 3 and 
an expression for the estimation of ambipolar diffusion length of pho- 
tocarriers is given. The results of the SSPG and LPV experiments 
carried out on a-Si:H and a-SiGe:H samples in annealed as well as 
light soaked states are presented in Chapter 4. An analysis for the 
LPV is presented in Chapter 5 and the problems like large magnitude 
and increase after light soaking in LPV are discussed. A model to ex- 
plain the observed results of LPV in terms of the heterogeneities and 
potential fluctuations present in the material is also presented in this 
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Chapter. The last Chapter presents the summary and conclusions of 
the present study. Directions for future work, which may help in fur- 
ther understanding the LPV are also suggested in this chapter. The 
references to the literature cited are listed at the end of the thesis. 
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CHAPTER 


ONE 


Introduction 


Amorphous silicon films prepared by glow discharge decomposition of 
silane [1,2] differ in many respects from evaporated amorphous semi- 
conductors. The evaporated amorphous semiconductors show very small 
photoconductivity and are insensitive to doping. In contrast, amor- 
phous silicon prepared by glow discharge shows activated dc conductiv- 
ity, a good photoconductivity and efficient doping by addition of phos- 
phine or diborane to the silane gas prior to decomposition [2], The high 
defect density of amorphous silicon prepared by evaporation is respon- 
sible for this difference. Presence of hydrogen in amorphous silicon pre- 
pared by glow discharge was confirmed by Triska et al [3] and Fritzsche 
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in bond angles and bond lengths results in the tailing of band edges 
in the forbidden gap. In addition to this, some electronic states in the 
gap arise from the coordination defects like dangling bonds. These de- 
fects determine many electronic properties by controlling trapping and 
recombination. 

The presence of disorder and defects (dangling bonds) gives rise to 
localized electronic states in the band gap. Because of these localized 
states, the energy gap looses its meaning in amorphous semiconduc- 
tors. The disorder also affects mobility of charge carriers which is 
drastically reduced in the localized states. Thus, instead of energy gap, 
we talk of mobiUty gap in amorphous semiconductors. The Mott-CFO 
model [16]for the distribution of the density of states in the mobility 
gap is shown schematically in Fig. 1.1 [17]. This density of states pic- 
ture is also termed as the the rigid band picture. This is due to the 
fact that the energy of the conduction or valence band mobility edges 
remains fixed with respect to the Fermi level which is in the middle of 
the mobility gap. 

Although, various electronic properties of hydrogenated amorphous 
siHcon could be successfully explained by this model, there are some 
observations that could be better understood in term of the potential 
fluctuation model [18], which.is described below. For example, it is eas- 
ier to understand the difference between the activation energy of dark 
conductivity and the slope of thermoelectric power of a-Si:H in terms of 
potential fluctuations. Also, it becomes obvious that the electrical and 
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Figure 1.1: Schematic density of states distribution in the gap of a real 
amorphous semiconductor After ref 17. 

optical gaps need not be the same as they measure differents aspects 
of the electronic structure. 

1.2 The Potential Fluctuation Model 

The a-Si:H grown by the glow discharge of silane has an inhomoge- 
neous structure. The structural inhomogeneities [19, 20] maybe caused 
by local density fluctuations, growth inhomogeneities [21] and charged 
centers [18] . Proton resonance experiments by Reimer et al [22] show 
that hydrogen, which is about 8-10 atomic %, is distributed inhomoge- 
neously in a-Si:H. Nearly 4 atomic % hydrogen is present in a dilute 
monohydride phase and the rest is in a clustered hydride phase with 
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Figure 1 .2: Potential energies in Conduction and Valance bands with 
long-range fluctuations (a) inelastic, arising from electrostatic charges 
which may be charged defects or dopants or both depending on whether 
the material is doped or not and (b) elastic fluctuations arising from 
variation in composition from place to place in the material. After ref. 
15. 


5-7 atoms per cluster, which resembles a di- or trivacancy whose inter- 
nal surface is dressed with hydrogen. These heterogeneities give rise 
to long range potential fluctuations which can be visualized as spatial 
variations in the energy of valence and conduction band mobility edges 
with respect to the Fermi level (see Fig. 1.2). 

The charged defects can produce potential fluctuations of an electro- 
static nature if there is an spatial variation in the charge density. In 
this case the variation in potential energies of conduction and valance 
band are not accompanied by the variation in the band gap as in the 
case of elastic fluctuations Fig. 1.2(a). The 'films of Si and Ge are 



1 .2. THE POTENTIAL FLUCTUATION MODEL 


7 


known to contain voids and if any of these remadn charged after re- 
construction of unsatisfied orbitals such potential fluctuations will re- 
sult [15,18,23]. In doped a-Si:H, an inhomogeneous distribution of 
dopants may give rise to additional potential fluctuations [24] of this 
kind. 

The local variation in composition produces the so called elastic fluc- 
tuations in the band gap [15] in which the gap varies firom place to 
place as shown in Fig. 1.2(b). For example, the variation in hydrogen 
content in a-Si:H results in spatial variation of the band gap from 2eV 
in clustered phase to 1.3eV in the dilute phase [25]. 

Taking into account these potential fluctuations, Fritzsche proposed 
a model which is commonly known as the "Potential Fluctuations Model”. 
According to this model, the regions in which predominantly holes are 
localized are not the same regions in which electrons are localized. This 
model further suggests that, one should distinguish between three kind 
of states: (i) states localized in certain regions, (ii) channel states which 
extend through the material but are excluded from certain regions, and 
(iii) extended states which describe electrons for which the probability 
to be found anywhere in the material is finite [18], 

The potential fluctuation model has been iavoked to explain a vari- 
ety of results in hydrogenated amorphous silicon and Other materials 
which could not be explained by the rigid band model [18, 24, 26-34]. 

Hydrogenated amorphous silicon has been studied extensively by 
various techniques, e.g., lummescence [35], electron spin resonance 
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[36], field effect measurements [37], thermally stimulated currents [38- 
43], capacitance techniques [44], and sub-gap absorption using con- 
stant photocurrent method (CPM) and photothermal deflection spec- 
troscopy (PDS) [45-50] etc. These studies have led to our present day 
understanding of the density of localized states in this material. In 
addition to these, measurements like conductivity, photoconductivity 
and thermoelectric power have been done to understand the trans- 
port properties of a-Si:H. The conductivity and thermopower measure- 
ments have also been used to estimate potential fluctuations [24, 32, 
33]. These measurements have helped in understanding the thermal 
and hght induced (Steabler-Wronski effect) metastabilities [33] that 
the width of potential fluctuations increases after LS. The present the- 
sis is on the measurements of Lateral photovoltage in a-Si:H and a- 
SiGerH alloy thin films. It turns out that our LPV results can be better 
understood in terms of the potential fluctuations model. 

1.3 Lateral Photovoltage in a-Si:H 

One of the well studied photovoltaic effects in a-Si:H and a-SiGe:H 
films is the surface photovoltage (SPV) which is defined as the change 
in the surface potential due to illumination. This effect, observed at Si 
and Ge surfaces, was first reported by Br attain [51] and was followed 
in detail by Brattain and Bardeen [52]. The SPV induced at the free 
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surface of a semiconductor sample with a grounded Ohmic back contact 
has been a subject of extensive research in a-Si:H and alloys [53-62]. 

The photovoltaic effects like SPV are measured when the films are 
under uniform illumination. However, not much work exists on pho- 
tovoltage measurements wdth films under nonuniform illumination. 
When the effect of nonuniform illumination is measured in a direction 
perpendicular to that of illumination, we have the so called the lateral 
photoeffect. 

Lateral photoeffects had been the subject of the investigation on 
different materials and device structures by Lucovsky [63], Noorlag 
and Middelhoek [64], Connors [65] and Woltering [66]. Several reports 
have appeared in the literature on the measurement of LPV on a- 
Si:H p-i-n devices under reverse bias which are reported to function as 
position sensitive detectors [67-71]. 

We have foxmd large Lateral Photovoltage {LPV) in intrinsic layers 
of a-Si:H and a-SiGe:H by illuminating them with a laser spot [72-74] . 
This is interesting since in our case no p4-n like structure is required 
and the magnitude of LPV is as high as 100 mV in some cases. In 
this setup, a potential difference is generated between two coplanar 
electrodes on a-Si:H and a-SiGe:H films when a small region between 
these electrodes is illuminated. One may try to understand the ob- 
served LPV as follows: when the sample is illuminated nonuniformly, 
diffusion of the photogenerated carriers occurs towards the low concen- 
tration (dark) region. As the diffusion lengths of electrons and holes 
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are different, they setup different charge profiles, and if the illumi- 
nated region is situated closer to one of the electrodes than the other, 
this gives rise to the observed LPV, Though, this appears to be sim- 
ilar to Dember voltage [75], the magnitudes are far higher than those 
can be attributed to Dember voltage. In all cases the LPV decreases 
with increasing measurement temperature. We also found that when 
the sample is light soaked (LS) by exposing it to xiniform strong illu- 
mination for a long time, the diffusion length decreases as in the pub- 
lished works [10,76-78], whereas, contrary to our expectation, LPV 
increases. These observations make LPV an interesting phenomenon 
to study the physics involved. An attempt is made to explain the large 
magnitude of LPV in terms of the heterogeneities and potential fluctu- 
ations in a-Si:H. Some of the interesting photovoltaic effects, observed 
earlier in different materials, are briefly described below. 

1.4 Other Photovoltaic Effects 

In the context of the present work it is worthwhile to mention differ- 
ent photovoltaic effects, like Dember effect, lateral photoeffects and 
photoangular effect in different device structures. While it is possible 
ta offer a simple explanation for the Dember effect and lateral pho- 
toeffect as described below, high-voltage photovoltaic effects [79] and 
photoangular effect [80] observed in some semiconductors are highly 
anomalous and cannot be easily explained. Anomalous photovoltaic 
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effects have been observed in a large number of semiconductor (for a 
review see [75]) films and even in single crystals of ZnS [81,82] and 
sulphur [83]. Photovoltages as high as hundreds of volts were ob- 
tained [84] and it was shown that the voltage is generated continuously 
along the length of the film and is not a contact effect [79]. 

1.4.1 Dember Effect 

Strongly absorbed radiation generates a high density of electron-hole 
pairs at the surface of a semiconductor. The photogenerated carriers 
diffuse away from the illuminated region. The carriers having higher 
mobility, will extend somewhat farther into the bulk than those with 
the lower mobility. When electrons are more mobile than holes, in the 
absence of any other effect, the differential diffusion will tend to make 
the surface more positive than the bulk. The direction of the resulting 
electric field is such as to accelerate the lower-mobihty carriers (holes) 
and slow down the more mobile carriers, so that the net current is 
zero. In this condition, the potential difference between the front (il- 
luminated) and the back surface is the Dember voltage [75] and it is 
usuadly of the order of millivolts. Dember discovered this effect along 
the semiconductor between illuminated and dark regions [85, 86]. 
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Figure 1.3: Lateral Photovoltage curve for p+ on n photocell as ob- 
served by Wallmark. After ref. 75. 


1.4.2 Lateral Photoeffect on p-n Junctions 

Lateral Photoeffect was reported by Schottky in 1930 [87] and by Wall- 
mark [88, 89]. Wallmark studied lateral photoeffect in a direction par- 
allel to the p-n junction. The device consisted of two ohmic contacts on 
either side of a floating p-n jvmction, as shown at the top of Fig. 1.3. 
Because the p'^ region has high conductance, it forms an equipotential 
surface. The normal “photovoltage” due to small light spot forward bi- 
ases the p-n jvmction. The excess holes can leak out of the p+ region 
over the whole junction area. If the light spot illuminates the center of 
the junction, the hole current flows symmetrically out of the junction 
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and no net voltage appears across the ohmic contacts. If, on the other 
hand, the light spot illuminates the left side of the junction, most of the 
holes leak out of the right side of the junction, making the right more 
positive than the left side. Electrons in the n-type region redistribute 
themselves to preserve local charge neutrality. This charge redistribu- 
tion generates a voltage across the two ohmic contacts. The polarity of 
the lateral photovoltage reverses when the light spot illuminates the 
right side of the junction. 

1.4.3 Anomalous Photovoltaic Effects 

Some semiconductors in the form of thin films exhibit a high-voltage 
photovoltaic effects. Goldstein and Pensak observed photovoltages as 
high as 400Volts in CdTe films of about 1/xm thickness [79]. Although 
this phenomenon is spectacular and very intriguing, very little progress 
has been made in explaining it in a definitive way. The anomalous pho- 
tovoltaic effect has been observed in a large number of semiconductors 
films [75] and even in single crystals of ZnS [81, 82] and Sulphur [83]. 

The main requirement for the occurance of this effect is that when 
the film is grown, the insulating substrate must be inclined with re- 
spect to the gradient of the incident vapor. It has been shown experi- 
mentally that it is not a contact effect and the end of the film nearest 
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Figure 1 .4; Variation of open-circuit photovoltage with the angle of in- 
cidence as observed on polycrystalline GaAs and Si films. After ref 
79. 
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the evaporator is almost always negative [79]. Moreover, the varia- 
tion in the film thickness due to angular deposition is not a relevaint 
factor [90] . 

In addition, anomalous photovoltaic effects have been observed in 
the films prepared at normal incidence of incident vapour. Photoangu- 
lar effect is an example of such anomalous photovoltaic effect observed 
in GaAs and Si thin films. These effects have been observed on thick 
films (2-50^m) [80] . When the film is illuminated at normal incidence, 
no photovoltage appears. As the light beam is tilted with respect to a 
normal to the film, in the the plane passing through the two small elec- 
trodes (Fig. 1.4), a photovoltage appears and grows with further incli- 
nation of the beam. The photovoltage has opposite polarities on either 
side of normal incidence. Sometimes the potential difference developed 
is larger than the energy gap of the semiconductor [75] . The tentative 
models proposed to explain these effects are based on the summation of 
elementary photovoltages generated at grain boundaries in the films. 

1.5 Organization of the Thesis 

The next chapter describes the preparation of a-Si:H and a-SiGe:H 
samples by glow discharge technique. The structural, electrical and 
optical characterizations are presented alongwith a brief description 
of the setup used for band gap, density of states, dark and photocon- 
ductivity measurements. The experimental setup used for LPV as 
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well as Steady State Photocarrier Grating (SSPG) techniques are also 
described. The principle and theory of the Steady State Photocarrier 
Grating technique is presented in the Chapter 3 and an expression for 
the estimation of ambipolar diffusion length of photocarriers is given. 
The results of the SSPG and LPV experiments carried out on a-Si;H 
and a-SiGe:H samples in annealed as well as hght soaked states are 
presented in the Chapter 4. 

An analysis for the LPV is presented in the Chapter 5 and the 
problems like large magnitude and increase after light soaking in L PV 
are discussed. A model to explain the observed results of LPV in terms 
of the heterogeneities and potential fluctuations present in the mate- 
rial is also presented in this Chapter. The last Chapter presents the 
summary and conclusions of the present study. Directions for future 
work, which may help in further understanding the LPV are also sug- 
gested in this chapter. The references to the literature cited are listed 
at the end of the thesis. 



CHAPTER 


TWO 


Experimental 


An account of preparation and preliminary characterization of the sam- 
ples used in the thesis is given in this chapter. In addition to this, 
the main experiments viz Steady State Photocarrier Grating (SSPG) 
aind Lateral Photovoltage (LPV) carried out for this work are also de- 
scribed. 


2.1 Sample Preparation 

Samples in the form of thin films are deposited by the standard radio 
frequency Glow Discharge technique [91-93] where a mixture of silane 
(SiH4) and hydrogen (H2) gases is decomposed by the application of r.f 
power. A mixture of SiH4, GeH4 and H2 is used to make a-SiGe:H films. 
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- . I o 

Corning 7059 glass is used as the substrate as it has higher resistivity 
compared to that of hydrogenated amorphous silicon. Also, it is trans- 
parent in the energy range from 0.6eV to 4.0eV making it suitable for 

the optical studies of a-Si:H films. The details of film deposition are 
described here. 

2*1»1 Substrate Cleaning 

Substrate cleaning is an important step, as the adherence of a-Si:H 
to the substrate and the sample uniformity are largely dependent on 
the condition of the substrate. Preliminary cleaning is carried out by 
washing with detergent followed by ultrasonic cleaning in acetone and 
methanol. The substrate is finally vapor degreased with isopropyl al- 
cohol and immediately transferred to the deposition chamber of the r.f. 
glow discharge system (Fig. 2.1). 

2.1.2 Deposition of a-Si;H and a-SiGe:H Films 

The setup for the deposition of hydrogenated amorphous silicon films is 
shown in Pig. 2.1. The deposition chamber is initially evacuated below 
10 torr usmg a turbo molecular pump and simultaneously baked at 
about 300° C for two hours to remove the adsorbed impurities. The 
system is then purged with high purity hydrogen gas followed by the 
hydrogen plasma cleaning of the substrate. 
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Figure 2.1: Schematic of R.F. Glow Discharge Deposition System used 
for making the a-Si:H films. 
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A mixture of silane (SiH 4 ) and hydrogen is introduced in the cham- 
ber at a constant flow rate of about 20sccm and r.f (13.56 MHz) power 
IS applied. Silane molecules are dissociated into neutral radicals, atoms 
and ions due to collision with energetic electrons in the plasma. These 
molecules, atoms and ions travel to the surface of the substrate through 
a gas phase diffusion process resulting in the deposition of hydrogenated 
amorphous silicon thin film [94]. 

The a-Si:H sample (si) is deposited at about 275°C using a 10:90 
mixture of silane and hydrogen flowing at 20sccm. The substrate tem- 
perature is kept between 250°C and 300°C during deposition to obtain 
device quality films [95]. The r.f power density and chamber pres- 
sure are about 40mW/cm^ and 1 torr respectively. The samples s2, 
s3 and s4 are deposited under identical conditions with varying germa- 
nium content. Germanium content in the film is varied by changing 
the GeH 4 flow while the total flow rate is kept fixed at 40sccm. These 
samples are deposited at 350-C with total reactant gas pressure 0.6 
torr and r.f power about lOmW/cm^. 

With these parameters, the deposition rate of the films is about 
1 A/s and the preliminary characterization of the films reveals that 
these are of device quality. 
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2.1.3 Electrical Contacts 

Coplanar electrodes consisting of 1cm long rectangular strips of NiCr 
deposited by thermal evaporation under vacuum on the top of the film. 
The separation of these electrodes is about 1mm for the conductivity, 
CPM and SSPG measurements whereas it is about 20mm for the Lat- 
eral Photovoltage measurements. Sometimes, silver paint electrodes, 
in a geometry similar to that of the nichrome electrodes, are also used. 
Both type of contacts show an Ohmic behaviour in the current- 
voltage (IV) measurement for applied field upto lOOOV/cm in the tem- 
perature range of our measurements (SOOBT < T < 450K), 

2.2 Sample characterization 

The samples are characterized to check the quality of the films and 
the parameters Uke activation energy optical gap (Eg), density of 
states etc match favorably with those of the device quality films. 

2.2.1 Structural Characterization 

The amorphous nature of the films is verified by the x-ray and elec- 
tron diffraction studies. The X-ray diffractograms show a broad peak 
whereas the electron diffraction has two diffused rings. This indicates 
that the films are amorphous in nature. 
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2.2.2 Electrical Characterization 

The dark conductivity i<r) and photoconductivity (aph) are measured. 
The activation energy {Eo’) is obtained from the temperature depen- 
dence of conductivity. 

Conductivity and Activation Energy Measurement 

The electrical characterization is carried out in a high vacuum system 
consisting of a stainless steel chamber (Fig. 2.2) equipped with a sam- 
ple holder with heating arrangement. The sample can be illuminated 
through a quartz window for the photoconductivity and LPV measure- 
ments. The temperature is measured with a thermocouple mounted on 
a dummy sample kept near the sample. 

The conductivity is measured in the above setup under a vacuum 
of « 10“®torr. The samples are slowly heated from room tempera- 
ture 300K to 450K and sample current (I) is recorded as function of 
temperature for a constant applied voltage of lOOV. The process is re- 
peated while slow cooling the sample. Activation energy is obtained 
from the slope of log(I) vs 1/T plot of the data. The intensity depen- 
dence of photoconductivity for the samples is measured using a 360 W 
timgsten halogen and neutral density filters. A heat reflector and a wa- 
ter filled beaker are used to prevent the heating of the sample during 
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Figure 2.2; Schematic of the setup used for the electrical 
tion and Lateral Photovoltage measurements. 
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Figure 2.3: Typical plot of log(I) as a function of inverse of temperature 
for one of the samples studied. 

the measurement. The intensity is varied over several orders of mag- 
nitude and photocurrent is measured for a constant applied voltage of 
lOOVolts. 

The parameters a, (Xph, Ea- and the exponent 7 of the intensity 
dependence of photoconductivity {cTph oc where F is the intensity 
of illumination) are given in the Tables 2.1 and 2.2. 

2.2.3 Optical Characterization 

Subgap absorption (a) is measured by Constant Photocurrent Method 
(CPM) for the determination of the density of states measurement. 
The parameters like thickness of the film and absorption coefficient a 
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are determined from the optical transmission in the wavelenjiitl' * 
330nm-1450nm (3.78eV-0.86eV). 

2^.3.1 Transmission Measurement 

The setup for transmission measurements, shown in the Fig. 2.4, con- 
sists of a grating monochromator (Bausch & Lomb) equipped with a 
75Watt quartz halogen lamp, a lock-in amplifier (SR-510) a calibrated 
Si photodiode and an optical chopper. A Monochromatic beam, chopped 
at 13Hz, is made to fall on the sample and the transmitted itfiensity 
is measured using the photodiode and the signal is measured by th(> 
lock-in amplifier for different values of the wavelength (A). A high puss 
order sorting filter (Hoya-64) is used to remove the second order }'ra(. 
ing diffraction from the monochromator output. The tran-smission data 
is analyzed to get the absorption coefficient o:(A), optical gap K,, and 
the thickness (d) of the films [96]. 

2.2.3.2 Film thickness calculation 

The thickness of films is determined from the transmission data u.sing 
the formulation of Swanpole [96]. The transmission T(A) is a fuactioa 
of the wavelength A, refractive indices n and .s of the film and sub 
strate (Coming 7059) respectively, the absorption coefficient a and the 
film thickness d: T = r(A, s, n, d, a). The interference condition for 
the maximum and minimum is 2nd = mX where m is ai\ integer for 
maxima and a half integer for minima. If n, and arts tlie refractive 
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Figure 2.4: Schematic of the setup used for the transmission measure- 
ments on a-Si:H and a-SiGe:H sample. 


indices at the two adjacent maxima or minima at Ai and A 2 respec- 
tively, then 


d 


A 1 A 2 

2(n2Ai -■ niA2) 


( 2 . 1 ) 


For an adjacent maximum at Ai and minimum at A 2 , the interference 
conditions are 


2nid = mAi 


( 2 . 2 ) 


and 


2n2<i = (m + 1/2)A2 


(2.3) 


(2.4) 


which give 

A 1 A 2 

d = 

4(n2Ai — niA2) 

From the above equations the thickness d is calculated for various 
pairs of maxima or minima. The average value dav is calculated and 
substituted in the Eq. (2.2) and Eq. (2.3) and the resulting equations 
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Figure 2.5: Schematic of the setup for the Constant photocurrent 
method used for the determination of density of states. 


are solved for m. This value of m is approximated to the nearest inte- 
ger and used to recalculate the refractive indices n. The values of nj 
and n 2 so obtained are substituted back into the Eq. (2.1) to recalcu- 
late dav The value of d so obtained is the correct film thickness. The 
details of the calculation of refractive indices n(A) and the absorption 
coefficient a are given in the Appendix A. 

2.2.3.3 Density of States Measurement 

The Constant Photocurrent Method (CPM) is used to determine the 
density of states in our samples. This method actually measures the 
absorption coefficient a as a function of wavelength. The absorption 
coefficient a(hi/) for transition from initial state gi to the final state 
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gf, separated by energy hu, is given by [97] 

c c 

= J^J 9i(e)fie)gf(e + hu)[l - f(e + hu)de]. 

The density of states is estimated from the spectral dependence of a by 
the method described by Kocka et al [97]. 

The schematic setup for the CPM is shown in Fig. 2.5. The CPM 
setup consists of a grating monochromator, optical chopper and a Lock- 
m amplifier. Light from the monochromator is passed through a filter 
to cutoff the second order diffraction and chopped at 13Hz before it 
falls on the sample and the photocurrent is measured as a voltage drop 
across a IMJT resistance. A suitable value of photocurrent is chosen 
and is kept constant for all the wavelengths by changing the intensity 
of hght. 

For imdoped a-Si:H, the photocurrent is mainly contributed by elec- 
tron current because the /xt product is about 10 times smaller for holes 
than electrons [97] . The photocurrent density is given by [98] 

Jn — e riph. 'fj (1 ~ R) {1 — exp{—ad)} ( 2 . 5 ) 

where e is the electronic charge, the number of incident photons 
per iinit area per wait time, R the reflection coefficient, d the film thick- 
ness, 77 the photogeneration efficiency, p the electron mobility, r the 
mean life time of electrons (recombination lifetime), F the apphed elec- 
tric filed and L is the separation between the electrodes. 

In the subgap region R varies slowly with energy and is assumed 
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to be constant; the fiT product, which generally depends upon the po- 
sition of quasi Fermi level, is also constant as the photocurrent is kept 
constant in CPM, the value of »7 is « 1 at 300K 197|. Moreover, for 
the subgap region ad 1 which reduces [1 — exp(—cxd)] to a d. and 
under these approximations we have 

J„ = constant x a nph 


which gives 


a(hu) = 


constant 


nph{hv>) 

Thus a plot of inverse of the intensity required to keep pliotocurrent 
constant with hvis same as the plot oi a with h o within a factor of a 
constant which can be obtained by matching the CPM curves with the 
a obtained from the transmission at higher energies wluire a d « 1. 

Fig. 2.6 shows a typical plot of <x{hi/) vs hu as estimated from 
CPM for our samples and the density of states for the samples are 
given in the Table 2.1. These are comparable to those of the device 
quality a-Si;H samples reported in the literature for which it is about 
2 X 10^®cm-3 [97]. 


2.3 The SSPG Setup 

2.3.1 Principle 

The SSPG technique involves measurement of photocurrents by illumi- 
nating the sample with two coherent beams of unequal intensity from 
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Figure 2.6: Typical plot of absorption coefficient a{hu) as a function of 
energy obtained from the constant photocurrent method. 
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Table 2.1 : Parameters like optical gap (Eg), density of states (DOS) and 
the exponent of the intensity dependence of photoconductivity (7) of 
the a-Si:H and a-SiGeiH samples. Here Ge% = [GeH 4 / (SiH 4 + GeH 4 )] 
xlOO. 


Sample 

Ge% 

Eg 

(eV) 

DOS 

7 

si (a-Si:H) 

0 

1.70 ■ 

1 X 10’-® 

0.75 '■ 

s2 (a-Si:H) 

0 

1.73 

1 X 10^® 

0.98 ^ 

s3 (a-SiGe;H) 

10 

1.51 

1 X 10^® 

0.83 

s4 (a-SiGe:H) 

20 

1.48 

3 X 10^® 

0.90 


Table 2.2: Parameters like activation energy (Ecr), dark conductiv- 
ity (cTd), photoconductivity (aph), of the a-Si:H and a-SiGe:H samples. 
Here Ge% = [GeK^/ (SiH4 + GeH 4 )] xlOO. 


Sample 

Ge% 

E^ 

CTd 




(eV) 


(fi-icm-i) 

si (a-Si:H) 

0 

0.75 

1.2 X 10-^® 

8.2 X 10-® 

s2 (a-Si;H) 

0 

0.92 

1.0 X 10-1° 

1.4 X 10-^ 

s3 (a-SiGe:H) 

10 

0.85 

8.9 X 10-12 

1.9 X 10-® 

s4 (a-SiGe:H) 

20 

0.82 

6.7 X 10-12 

5.0 X 10-° 


a polarized laser. The beams can be made to produce uniform illumi- 
nation or an optical grating on the sample by making their polariza- 
tion perpendicular or parallel with each other. The stronger of the two 
beams provides a tmiform background illumination in the interference 
condition whereas the weaker beam interferes with an equal part from 
the stronger beam. The weaker beam is chopped and photocurrent due 



2.3. THE SSPG SETUP 


32 


to this beam is measured in both the conditions when the beams inter- 
fere or produce a uniform illumination. The ratio of the photocurrent 
m the interference condition to that in noninterference, designated by 
/3, and the optical grating period A are related by the following [76] 

B = l- 

[1 -P (27rX/A]2 ^2.6) 

where </. is a constant and L is the ambipolar diffusion length of the 
photocarriers [76]. 

For determination of i, is measured at various grating periods 
A, which depends upon the angle between the two beams /, and J,. 

The total intensity of light falling on the sample is constant in this 
experiment. 

2.3.2 Experimental Details 

The schematic of the SSPG setup used is shown in the Fig. 2.7. A laser 
beam from a 5mW linearly polarized He-Ne laser (wave length 632.8 
mn) is split in two with intensities h and 4 using a beam splitter 
(BS) ^d the intensity of the beam is reduced by a factor of 10 with 
respect to h with the help of a neutral density filter (ND). 

It was observed that the beam splitter BS introduced a change in 
the planes of polarization of the two laser beams h and h and the two 
are not copolarized. In addition to this, the mirrors Ml and M2 also 
introduced a change in the plane of polarization of the two beams in 
an uncorrelated manner. Moreover, this change was found to depend 
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Figure 2.7: The schematic setup of the Steady State Photocanier Grat- 
ing Measurement. 


on the angle of incidence of the beams on the mirrors. Thus a simple 
setup consisting of a polarized laser and a half wave plate as shown 
in [76, 77] would have given erroneous results. 

In order to be to sure that the beams are copolarized and crosspo- 
larized for all the grating periods, without any change in the total in- 
tensity, a set of polarizers are placed in the path of beams just before 
the beams fall on the sample as shown in the Fig. 2.7. The interference 
and uniform illumination (noninterference) conditions are obtained as 
described here. 

The axis of polarization of the polarizer P2 is made parallel to the 
plane of polarization of the beam Ii after the beam is reflected from 
the mirror M2. The polarizer P3 is now placed in the path of the beam 
Ii and is rotated so that it passes no light. In this situation, the two 
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polarizers have their axis of polarization perpendicular to each other. 
This angular setting of the polarizer P3 is marked as zero on its circular 
scale. If P3 is now rotated by 45° on either side of its zero position, i.e, 
to 45° or 315°, it passes same intensity but the planes of polarization 
m the two settings are normal to each other. P3 is now set to 45° and 
placed in the path of the beam 12 and PI is now placed in the path of 
the beam 12 emerging from P3. PI is now rotated tiU the transmitted 
hght goes to zero and this position of polarization of Pi is fixed through 
out the experiment and P3 is brought back to its original position in 
the path of the beam emerging out of P2. A suitable ND filter is now 

placed in the path of beam 12 (before Pi) so as reduce the intensity of 
this beam. 

Thus, the position of P3 at 45° and 315° correspond to noninterfer- 
ence and interference conditions respectively. The beam I 2 is chopped 
and the a.c. photocurrents in the interference (ij J and noninterfer- 
ence (I^^) conditions are measured as a voltage drop across a series 

resistance R (- 5Mn) using a lock-in amplifier (SR510) as shown in 
the Fig. 2.7. 

2.4 Lateral Photovoltage Measurements 

When a laser beam is shone on an a-Si:H filni between the two elec- 
trical contacts 1 & 2 as shown in the Fig. 2.8, an open circuit voltage 
IS detected between these contacts. As this photogenerated potential 
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covering mchrome electrodes 1 & 2 to avoid contact photovoltage. 


difference appears along the length of the sample, we term it as the 
Lateral Photovoltage (LPV). 

For this measurements, evaporated nichrome and silver paint have 
been used, in a coplanar geometry, as electrical contacts. These elec- 
trodes are about 6mm long and 20mm apart. The measurements are 
earned out m a vacuum chamber equipped with a quartz window and 
heating arrangement (Fig. 2.2). A low power (SmW) semiconductor 
diode laser (673nm), mounted on a traveling microscope, acts as the 
source of illumination. The traveling microscope is used to move the 
laser beam along the length of the sample. This LPV is measured 
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with a Keithley-617 electrometer for different positions of the light spot 
along the sample. 

The measurements are performed above room temperature in the 
range of 390K-450K. The LPV measurements below 390K are not re- 
ported as these are too noisy because of the high impedance of the sam- 
pie. 

Uniformity of temperature along the sample is very crucial in this 
experiment as the lack of it produces a very large thermoelectric emf 
which must be avoided. Temperature uniformity is achieved by keep- 
mg the sample in good thermal contact with the sample holder and by 
waiting at the measurement temperature tiU the thermoelectric signal, 
if any, is reduced to zero. The thermalization is done in dark and LPV 
is measured only when there is no thermoelectric signal. 

The electrical contacts are kept in dark using Teflon coated metal 
strips as shown in Fig. 2.8. This is to avoid any contact photovoltage 
from the diffused light during the illumination by the laser. 



CHAPTER 


THREE 


Steady State Photocarrier Grating Technique 


The analysis of lateral photo voltage as presented in the Chapter 5.1 
requires the knowledge of diffusion lengths of photocaniers. Several 
techniques e.g. Surface Photovoltage [53-56, 99-104], Transient Grat- 
ing [105-108] and Steady State Photocarrier Grating (SSPG) [76, 109] 
have been developed for their measurements. We have used the SSPG 
technique to estimate the ambipolar diffusion length, which equals the 
hole diffusion length, in the samples studied for this thesis. The theory 
of this technique (SSPG) is briefly outlined here. 

SSPG technique involves measuring the conductivity of the sample 
with two beams of intensity Zi and I 2 falling on it. It is already men- 
tioned that Ii I 2 (See Sec 2.3.1) and the polarization of beams is 
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adjusted so that beams can interfere or produce uniform illumination. 
The beam h is chopped and ifa{h + h) represents the photoconduc- 
tivity due to the total intensity h -H I 2 and cT{h) the photoconductivity 
due to the stronger beam, then the lock-in reading in the noninterfer- 
.ence condition will be proportional to a{h + J 2 ) - whereas it 
will be proportional to erg — or (Ji) in the interference condition where 
cTg is the average photoconductivity given by 


where a{x) is the photoconductivity in interference condition that varies 
from point to point and is a function of the optical grating period A and 
diffusion length L. The ratio /3 of the two lock-in readings is given by 


/3 = ~ 

+ I2) — o'(Ti) 

An expression for the average conductivity o-p is obtained below. 

The interference of two coherent light beams of intensities h and 
h falling on the sample produces an intensity pattern given by [76] 


/(X) = (j, + /,) 1 + 

-r I 2 \ A J 


(3.1) 


where A _ (A/2)szn(5/2) is the grating period, A is the wavelength. 


S IS the angle between the two beams, and a; is the coordinate perpen- 
dicular to the interference fringes. Also, 70 is the factor between zero 
and unity by which fringe visibmty is reduced due to hght scattering 
and mechanical vibrations etc. 



39 


The photogenerated carriers in the film follow the following diffu- 
sion equation [76]: 

_ (P-N 

D{N) ~ R{N) + G = 0, (3.2) 

where D(N) is the effective ambipolar diffusion coefficient given by 
[76] _ _ 

and R{N) and G are the recombination and generation rates respec- 
tively. 

The diffusion coefficient D and the recombination rate R are depen- 
dent on the carrier concentration which makes the Eq. (3.2) nonlinear 
and, therefore, a general solution for this can not be easily found. How- 
ever, under the experimental conditions of SSPG (Ii ^ I 2 ), the carrier 
concentration N can be written as iV = iVo + AN{x) where AiV(x) 
arises from the weaker beam and is much smaller than Nq. There- 
fore, the diffusion coefficient D(N) can be replaced by its constant 
equilibrium value D{No). Similarly, the recombination rate given by 
R(N) = AN/t{N) can be written as R{N) = AN/t{No) where 
T is the mean life time under small signal condition [76]. The gen- 
eration rate G is also written as Go + AG(x) where Go arises from 
the uniform background illumination and AG(x) is due to interfer- 
ence and is much smaller compared to Gq. Substituting AG(x) = 
2yo V-fiJ' 2 cos (27rx/ A) from Eq. (3.1), the Eq. (3.2) simplifies to 
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/ 2-kx\ 


= 0, (3.3) 


2 d?J^N{x) 

dx^ ■ ^^(x) + 27oT\/JiJ2 cos ^ J 

e L VDt is, by definition, the ambipolar diffusion length [110], 
AN{x) obtained by solving the Eq. (3.3) is given below 

ATVf-rl — — ^O'OT-v/fl/2 f2TTx\ 

^ ^ ~ [1 + (27r£/A)2] A ; • 

Photoconductivity under the interference condition of SSPG can be 
written as 

o- = 0-0 + A<r(a:) (3 5^ 

where A<r(*) arises from AG(x). Since <r is a fhnetion of the number 
of carriers it is possible to write 


Aa = ——an an 

dN dGdN 


(3.6) 


where AN is give by Eq. (3.4). Since the photoconductivity has an 
intensity dependence of the type cr = croG"*, 

dcr ^ 7 cr(x) 

dG ~ G ^3.7) 

and under steady state, we have R = G, which gives 

•' f dG dR 1 

dN ~ dN ~ t' 

From Eqs. (3.4), (3.6), (3.7), and (3.8) the Eq. (3.5) can be written as: 

/ 27rx^ 


cr(x) — cr(Ji + I2) 1 + Acos 


{ A 


(3.9) 
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(3.10) 


(3.11) 


(3.12) 


where <t(Ji + 12 ) is the photoconductivity due to uniform illumination 
of intensity ( Ji + 12 ) and 

^ _ 2770 { Vhh ^ 

~ [1 + (2ttL/A)^] [^h+hj' 

The average conductivity cTp, obtained from Eq. (3.9), is 

(jg = A/ / dxfcr{x) = cr{I\ + / 2 )\/i — 

Jo 

Using Eq, (3.11) the expression of /3 can be written as 
^ cr{h + I 2 ) Vl ~ ~ cr(Ji) 

Using the power law intensity dependence of photoconductivity in Eq. 
(3.12), (3 is found to be 

(h+i2)''vi~A^-(hr 

^ (Ii+J2)0'_(J,)7 • ^ - ^ 

Substituting A from Eq. (3.10) and using the condition Ix ^ 
the Eq. (3.13) can be simplified to the following simple expression: 

[l + (27riVA)2]2' 

Therefore, the ambipolar diffusion length L can be obtained from 
Eq. (3.14) if /3, the ratio of photocurrents in interference and noninter- 
ference conditions, is measured as a function of the grating iperiod A. 
The exponent 7 of intensity dependence of photoconductivity is mea- 
sured separately whereas the fringe visibility factor 70 is taken to be 
unity in our setup. 



CHAPTER 


FOUR 


Results 


The results of the Steady State Photocarrier Grating (SSPG) and Lat- 
eral Photovoltage measurements on a-Si:H and a-SiGe:H samples car- 
ried out in annealed as well as light soaked states are presented in this 
chapter. 

4. 1 The SSPG Measurement on a-Si;H 

The Fig 4.1 shows the plots of the ratio '(5’ of photocurrents in inter- 
ference and noninterference conditions (see Chapter. 3) as function of 
the grating period ‘A’ for the a-Si:H fihn sO. The data taken in the an- 
nealed (Ta = 470K, 2 hours) state is shown by open circles whereas 
that taken in the light soaked (LS) state by filled circles. The solid lines 
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4.1 . THE SSPG MEASUREMENT ON A-SI:H 



Figure 4.1 : /3 vs grating period A of the SSPG measurement on a-Si:H 
(sO) in aonealed (o) and light soaked (•) state. The lines are the fit to 
the Eq.( 3.14) and the hole diffusion length L which gives the best fit 
are in^cated. 

in these figures are obtained by the least square fit of Eq. (3.14) to the 
experimental data. A good fit is obtained for L = 1660 ± 60A in the 
annealed state of the sample and in the LS state a good fit is obtained 
for L = 1570 ± 60A. 

The plot of ‘A’ vs ‘/3’ for another a-Si:H sample (si) is shown in the 
Fig. 4.2. The measurement is carried out in the annealed and LS state 
for this sample as well. A fit of the data points, to Eq. (3.14) gives 
the minority carrier (hole) diffusion length L — 830 ± 90A and L = 
330 ± 40A in annealed and light soaked states respectively. 

The effect of fight soaking on sO (Fig. 4.1) is small compared to 
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4.1 . THE SSPG MEASUREMENT ON A-SI:H 



^ f . . . t . . . 
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2 2.5 3 


Figure 4.2: (3 vs grating period A of the SSPG measurement on a-Si:H 
(si) in annealed (o) and light soaked (wlstate. The lines drawn are the 
fit to the Eq. (3.14). 
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Figure 4.3: /3 vs grating period A of the SSPG measurement on a-Si:H 
(s2) in annealed (o) and Kght soaked state (•). The lines drawn are the 
fit to the Eq. (3.14). 
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4.2. THE SSPG MEASUREMENT ON A-SIGE:H 

that on si (Fig 4.2). The sample sO is exposed to hght from a SOW 
(ISmW/cm^) tungsten halogen for 4 hours, whereas si is light soaked 
for 24 hours using a 360W (lOOmW/cm^) tungsten halogen lamp. A 
water filled beaker and an IR reflector are used to prevent the heat- 
ing of the samples during LS. This decrease in ambipolar diffusion 
length upon LS is quahtatively, in good agreement with the published 
results [10,76-78]. 

4.2 The SSPG Measurement on a-SiGe:H 

We have measured L for a set of samples prepared under identical de- 
position conditions with different germanium concentrations. The Ge 
[GeH 4 /(SiH 4 +GeH 4 )] concentration was chosen to be 0%, 10% and 20% 
for the three samples. The Fig. 4.4 shows the results of SSPG mea- 
surements on the sample with 10% Ge (s3). As before, the filled circles 
denote the LS state whereas the open circles represent the annealed 
state and the smooth curve is obtained as described earlier. The values 
of jL in the annealed and the LS state are 740 =E 90 A and 580 db 70 A 
respectively. 

Similarly, the results obtained on the sample (s4) with 20% Ge are 
shown in the Fig. 4.5 and the values of L in annealed and LS states for 
this sample are 284 ± 40A and 207 ± 30A respectively 

The variation of L, both in annealed and LS state, as a function of 
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Figure 4.4: (3 vs grating period A of the SSPG measurement on a- 
SiGe:H (s3) having 10% Ge [GeH 4 /(SiH 4 +GeH 4 )] in annealed (o)and 
light soaked state (•). The lines drawn are the fit to the Eq. (3.14). 
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Figure 4.5: /3 vs grating period A of the SSPG measurement on a- 
SiGe:H (s4) having 20% Ge [GeH 4 /(SiH 4 +GeH 4 )] in annealed (o) and 
light soaked state (•). The lines drawn are the fit to the Eq. (3.14). 
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4.2. THE SSPG MEASUREMENT ON A-S1GE:H 



Figure 4.6: The variation of L with increasing Ge [GeH 4 / (SiH 4 + 
GeH 4 )] content. The lines drawn are the guide to the eye. 


the Ge content is shown in the Fig. 4.6. The L in annealed as well as 
LS state decreases with increasing Ge concentration. 

The two a-Si:H samples si and s2 are prepared under in different 
systems under somewhat different conditions. The density of states of 
the sample si is higher than the sample s2. The Figs. 4.2 and 4.3 it is 
clear that the ambipolar diffusion length of si is smaller compared to 
that of s2 and it reduces upon light soaking in both the samples. 
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4.3 Lateral Photovoltage Measurement 

The LPV measurements are carried out as described in the Sec. 2.4. 
Fig. 4.7 shows the plot of LPV as a function of the position of the laser 
spot measured at different temperatures on sample si in the annealed 
state. The position of the laser spot is measured with respect to the 
center of the sample. As the laser spot is moved from one end to the 
other, the LPV decreases (in magnitude) and becomes zero at the cen- 
ter of the film. When the laser is moved further away, towards the other 
end of the sample, there is a sign reversal in LPV and its magnitude 
increases as we approach the other end. Also, the magnitudes of LPV 
at equal distances on the two sides of the center are nearly equal show- 
ing the symmetric nature of LPV, Fmther, the electrode closer to the 
light spot is foimd to be always negative. 

Results of LPV measurement on another a-Si:H (s2) are shown in 
Fig. 4.8. For this sample also, the LPV decreases in magnitude while 
moving towards the center and again increases with a sign reversal 
as the other end is reached. It can be seen from this figure that the 
position dependence of LPV for this sample is qualitatively similar to 
that of previously described sample (si). However, the magnitude of 
LPV at the same distance from center for s2 is smaller compared to 
that measured on si. 

LPV measured on a-SiGe:H (s3) with 10% Ge is shown in Fig. 4.9 
and has a maximum value of about 8mV in annealed state and about 
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Figure 4.7: LPV as a function of the position of the center of illumi- 
nation measured at different temperatures on a-Si:H (si) in annealed 
state. 
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Figure 4.8: LPV on a-Si:H (s2) in annealed state as a function of the 
position of the illuminated spot for different measurement tempera- 
tures. 
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Figure 4.9: LPV measured at 366K on a-SiGe:H (s3) in annealed and 
light soaked states as a function of the position of the illuminated spot. 

15mV in the LS state. It is also qualitatively similar to the results of 
LPV on a-Si:H samples (si and s2) as described earlier. LPV on the 
a-SiGe:H sample with higher Ge content was very small and could not 
be measured accurately as a function of position of the light spot. The 
LPV results are summarized in the Table 4.1. 

4.3.1 Temperature dependence of LPV 

Figs. 4.7 and 4.8 show that LPV on si and s2 decreases with increas- 
ing measurement temperature. To obtain the temperature dependence, 
LPV is measured at different temperatures while keeping the laser 
spot at a fixed position x. LPV decreases as the temperature is raised 
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Figure 4.10: Temperatures dependence of LPV on a-Si:H (si), mea- 
sured while keeping the laser fixed at different positions. 

from 395K to 445K. For each value of x, the temperature dependence 
of LPV follows the same pattern as shown in Figs. 4.10 and 4.11 for 
samples si and s2 respectively. 

4.3.2 Effect of Light Soaking on LPV 

LPV measured at 394K after light soaking (LS) the sample si is plot- 
ted in Fig. 4.12. For the sake of comparison the LPV measured in the 
annealed state is also plotted on the same figure. It is easy to see that 
the LPV increase after LS. However, there is no qualitative change in 
its position dependence, i.e. it undergoes a sign reversal at the center 
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Figure 4.11: Temperatures dependence of LPV on a-Si:H (s2) mea- 
sured while keepmg the laser fixed at different positions. 


and increases in magnitude as the laser spot is moved away from the 
center. 

Figs. 4.13 and 4.14 show the LPV measured at 409K and 431K 
respectively and is easy to see that the LPV after LS is always higher 
than that in the annealed state. Also, as the temperature goes up, the 
LPV decreases as in the case of annealed state. 

Figs. 4.15 and 4.16 show the plot of LPV before and after LS, mea- 
sured at 371K and 390K on the other a-Si:H sample (s2). As in the 
case of si, the LPV increases upon light soaking for this sample as 
well. The position dependence of LPV remains qualitatively similar 
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Figure 4.12: LPV measured at a 394K before and after LS on a-Si:H 
(si) for different positions of the laser. 



X (cm) 


Figure 4.13: LPV measured at a 409K before and after LS on a-Si:H 
(si) for different positions of the laser. 
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Figure 4.14: LPV measured at a 431K before and after LS on a-Si:H 
(si) for different positions of the laser. 
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Figure 4.15: LPV measured at a 371K before and after LS on a-Si:H 
(s2) for different positions of the laser. 
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Figure 4.16: LPV measured at a 390K before and after LS on a-Si:H 
(s2) for different positions of the laser. 

to that of the annealed state, albeit, with a higher magnitude. Quali- 
tatively similar results are obtained for a-SiGe:H sample (Fig. 4.9). 

This rise in LPV on LS is a very surprising result as one would 
have expected it to go down vis-i-vis the decrease in the L of the carri- 
ers upon LS as shown in SSPG measurement (see Pig. 4.2 and Pig. 4.3). 

4.4 Summary 

The results of both L and LPV measurements are summarized in the 
Table 4.1. The ambipolar diffusion length reduces upon light soaking 
for the a-Si:H samples. Effect of LS is similar on the a-SiGe:H samples 
i.e. it reduces the ambipolar diffusion length in these samples as well. 
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4.4. SUMMARY 


Table 4.1 : LPV at 5mm from the center and diffusion lengths at 300K 
in annealed and light soaked (LS) states. 


Sample jf'(A) 

(Annealed) 
sO (a-Si:H) iTeO ± 60 

si (a-Si:H) 830 ± 90 

s2 (a-Si:H) 1640 ± 20 

i s3 (a-SiGe:H) 740 ± 90 

s4 (a-SiGe:H) 284 ± 40 


L'ik) LPV'imV) 
(LS) (Annealed) 
1570 ±60 — 

330 ± 40 115 (394K) 

1210 ± 90 27 (390K) 

580 ±70 8 (366K) 

207 ±30 — 


LPV (mV) 
(LS) 

190 (394K) 
45 (390K) 
15 (366K) 


The incorporation of Ge in the samples reduces the ambipolar diffu- 
sion length drastically as the concentration of germanium is increased 
in the samples from 0% to 10%. There is a further reduction in L when 
Ge content is raised from 10% to 20%. Moreover, the samples with still 
higher concentration of Ge did not have any photoconductivity and no 
SSPG measxxrements were possible. 

LPV is measured on samples si, s2, s3 and s4 and is found to 
be qualitatively similar for all the samples. It is much smaller on a- 
SiGe:H samples compared to that measured on the samples without 
Ge. LPV on the sample with 20% Ge was very small and could not be 
measured accurately as a function of position of laser spot and is not 
reported here. 
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FIVE 


Discussion 


5.1 Analysis of Lateral Photovoltage 

The results of SSPG and LPV measurements on a-Si:H and a-SiGe:H 
samples have been presented in the previous chapter. The main fea- 
tures which need to be explained are 

• The shape and magnitude of LPV and 

• The change in LPV upon light soaking. 

Let us first see, if these can be understood in a rigid band model, 
in which the conduction and valence band edges remain fixed in space 
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and the photoexcited electrons and holes diffuse with different diffu- 
sion lengths. 

5.1.1 Carrier Diffusion during LPV measurement 

The LPV measurements presents a case of departure from equilib- 
rium of the carrier distribution in semiconductors. The carrier density 
in the illuminated region is much higher compared to the nearby dark 
region. This leads to diffusion of photocarriers from the illuminated to 
the dark regions. This diffusion of carriers is governed by the continu- 
ity and Poisson equations [110] which are presented here, for the sake 
of simplicity, let us consider one dimensional case. 

d / dn(x)\ 

G~i?+— U(x)Ax^£?(x)-f De (5.1) 

G-R--^ (p{x)pipE{x) - Dh ) = 0, (5.2) 

and 

= (5.3) 

Here G is the generation rate of photocarriers, De and Dh are the 
diffusion coefficients of electrons and holes respectively, R the recom- 
bination rate, e the permittivity of a-Si:H and n(x) and p(x) are the 
total number of electrons and holes at a distance x from the point of il- 
lumination xo in the steady state. More explicitly, n{x) = no + Sn{x) 
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and p(a;) = Po + dp(a;), where tiq and po, are the carrier concentra- 
tions in dark (independent of x) and 5n{x) and 5p{x) are the excess 
photogenerated carriers and depend on x. The terms inside the paren- 
theses in Eqs. (5.1) and (5.2) represent the gradients of the drift and 
diffusion components of the current density respectively. Here E is the 
internal field which is related to the LPV by the following relation 

E = — — , (5.4) 

ox 

where V is the measured LPV. These equations are also subject to 
the charge neutrality condition. 

This set of equation should be solved with appropriate boundary 
conditions to obtain the charge distribution which, in turn, can be used 
to get the LPV. The diffusion equations are, however, nonlinear due 
to a probable dependence of diffusion coefficient and the recombination 
rate on the carrier concentrations. A small signal approximation, as in 
the case of SSPG (see Chapter. 3), is not applicable here because the 
departure from equilibrium is very large in the case of LPV compared 
to that in SSPG. In general, an exact solution of these equations is 
difficult to obtain and is usually, found under various approximation 
schemes [110]. These approximations depend on the conditions under 
which charge transport takes place in the system. For the present case 
an exact solution is not necessary and it is possible to estimate LPV by 
assuming a physically acceptable charge profile for the photocarriers, 
as described below. 
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5.1.2 Estimation of Lateral Photo voltage 

For a one dimensional case, we assume that the illumination of the 
sample produces linear charge distribution of photocarriers having a 
width 2W. Further, we assume that the carriers diffuse to the dark 
regions from sides of the linear charge profile giving exponential tails 
at both the ends. The exponential tail have decay lengths equal to 
the diffusion lengths of the respective carriers. The central part of the 
charge profiles have the widths (with constant linear charge density 
po) and 2wh for electrons and holes respectively. If the diffusion 
lengths of electrons and holes are Le and Lh respectively, then the 
charge profiles of photocaniers in a one dimensional case are given by 
the following: 


pe,h{x) = Po exp -OO <X< ~We,h, (5.5) 


pc,h(x) = Po — We,h < a: < We,h, (5.6) 


Pe,h(a:) = poexp j We,h<x<oo. (5.7) 

If there are N charges in the profile, we have po = N/2W and from 
the charge neutrality condition We,h = W — Le^h- 

The potential at a point at a distance d from this charge profile can 
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be written in terms of multipole expansion 

= 4«„e £ ® 

Because of the charge neutrality, the monopole term (n = 0) is 
zero and the symmetric charge profiles Pe,h(x) make the dipole term 
vanish. Thus the largest nonzero contribution to potential comes from 
the quadrupole term (n = 2) of the multipole expansion which gives 

^ ~ 47reoe “ Pe(x))dx| . (5.9) 

Using the charge profiles given by Eqs. (5.5), (5.6) and (5.7), we have 


V= }(Ll-Ll) + 

47r€oed® I ^ 


^.2{Ll-Ll) 


(5.10) 


Under experimental conditions we have W » Lc,h, the second term 
in the parentheses can be neglected. This simplifies the Eq. (5.10) for 
potential to 


1 Ne{Ll-Ll) 

^ = , V (5.11) 

47r€o€ (P 

Hence, the expression for LPV, which is the potential difference be- 
tween the two electrodes is 


LPV = 


Ne{Ll - Ll) 
47r€o€ 




x)^ (s — x)® / ’ 


(5.12) 
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where 25 is the separation between the electrodes and x the distance 
of the center of light spot from the center of the film. It is clear from the 
Eq. (5.12) that LPV is zero when the illumination is at the center {x = 
0) and it identically reduces to zero at every position of illumination 
if Le = Lh. This is akin to condition for the existence of Dember 
voltage [75], Taking = lOLh — lOL, we get 


LPV = 


99L^Ne ( 1 1 

47r€o€ 1 (s — x)^ {s + x)^ 


(5.13) 


For a typical calculation we take L = O.lptm, s — 9mm (half 
the electrode separation), e = 12 for a-Si:H; LPV can be estimated 
from Eq. (5,13) if we know the number of charge carriers N in the 
equilibrium. For the intensity of the laser used in LPV experiment, 
we have Cphlcrd = 5 x 10^ (for sample si). This gives a total of about 
10’’' photogenerated charges in the volume of the illuminated region (a 
circular spot of about 3mm diameter on a 1/xm thick sample), in the 
extended states. In addition, if the density of localized states is taken 
to be constant (10^'’'cm’"^eV'”^) and occupied within the quasi Fermi 
levels, the number of localized charges are about 4 x 10^^, taking the 
splitting to be 0.4 eV. For the largest possible LPV we assume that the 
localized charges have the same profiles as the charges in the extended 
states and take iV = 4 x 10^^. 


• The calculated LPV using these numbers and above assumption 
is shown in Fig 5.1. A comparison with Figs 4.7 and 4.8 shows that 
although their shapes are similar, the calculated LPV is much smaller 
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Figure 5.1: Lateral photovoltage as calculated using Eq. (5.13) with 
Le = l/xm, Lh, = L = 0 . 1 /Ltm. Other parameters are given in 
Sec 5.1.2. 

than the experimental values. For sample si in annealed state, the 
measured LPV at x = 0.5cm is about 2 orders of magnitude higher 
compared to the calculated LPV. For sample s2, the measured LPV 
is larger by a factor of 25. Therefore, these simple considerations can 
not explain our results satisfactorily. 

Another puzzle relates to the observed increase in LPV upon light 
soaking. Our measurements (Table 4.1) as well as those in the liter- 
ature [10,76—78] indicate that the diffusion length (L) of carriers de- 
creases after light soaking. Thus, we expect LPV to decrease after LS 
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[see Eq. (5.13)]. The observed opposite trend shows that the present 
considerations are inadequate to explain our results. 

Therefore, we conclude that although the rigid band model, in which 
the photogenerated electrons and holes have different difiusion lengths 
can quahtatively explain the shape of the LPV vs x curve observed ex- 
perimentally, the magnitude of the observed LPV is much larger than 
the calculated LPV. The discrepancy is as large as about 2 orders 
of magnitudes in some cases and can not be resolved, even if we take 
the most favorable values of the unknown parameters. In order to ex- 
plain the observed magnitude, either N or L (or both) in Eq. (5.13) will 
have to be larger. The conventional approch not only fails to explain 
the large magnitudes, it cannot account for the increase in LPV after 
light soaking. Thus, an alternate model is necessary to accoimt for the 
seemingly anomalous behaviour of LPV. 

So far the heterogeneities present in a-Si:H and alloys, have not 
been taken into account. We believe that the presence of heterogeneities 
might be responsible for this large LPV. In the next section, we dis- 
cuss how the potential fluctuations arising from these heterogeneties 
might explain our results. 
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5.2 Potential fluctuations in a-Si:H and 
alloys 

It is well accepted that heterogeneities are present even in the best 
quality a-Si:H and a-SiGe:H films [21,22, 111] and give rise to poten- 
tial fluctuations [15]. Potential fluctuations have profound effect on 
the electronic properties of hydrogenated amorphous sihcon and its al- 
loys. These have been invoked to explain a number of observations 
such as the disagreement between the values of density of localised 
states obtained by the optical absorption and the electrical measure- 
ments [18], dijEference in thermopower and conductivity activation en- 
ergies [24] and persistent photoconductivity in a-Si:H p-7i multilayers 
[112]. Howard and Street [27] explain the rapid drop in drift mobilities 
in compensated a-Si:H with increasing compensation as arising from 
the potential fluctuations. The transport properties of a-Si:H prepared 
by hot wire technique [113] and the influence of hght-induced degra- 
dation on the extended state mobihty in a-Si:H by Schmidt et al [114] 
are also explained using the concept of potential fluctuations. Poten- 
tial fluctuations have also been used to explain the transport proper- 
ties of hydrogenated amorphous silicon carbide films [28] and the light 
induced degradation in undoped hydrogenated amorphous silicon [29- 
32]. The difference in the optical absorption coefficient in a-Si:H mea- 
sured by two methods, viz, photothermal deflection spectroscopy (PDS) 
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Density of Stotes g(E) 

Figure 5.2: Long range potential fluctuations as might be present in 
a-Si:H. This figure shows only the electrostatic part of the potential 
fluctuations where the band gap does not vary from point-to-point in 
the material. The elastic fluctuation which involves the variation of 
band gap Eq has been omitted for clarity. After ref. 18. 


and Constant Photocuixent Method (CPM), has been attributed partly 
to the presence of potential fluctuations [34]. 

The presence of potential fluctuations in a-Si:H and a-SiGe:H films 
results in spatial variation in the conduction (J5c) and valence (E„) 
bands as shown in Fig. 5.2. Only symmetric part of the potential fluc- 
tuations is shown here for the sake of clarity. 

5.3 Potential Fluctuation Model for LPV 

In the presence of potential fluctuations, the photogenerated electrons 
and holes move in the presence of the internal fields and electrons and 
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holes get separated spatially. Their spatial separation due to internal 
fields arising fi'om potential fiuctuations may result in the carrier pro- 
files quite different from that envisaged from the diffusion of carriers 
in the absence of potential fluctuations. Also, this may reduce their 
recombination probability resulting in a larger L. In this connection, 
we note that in a-Si:H, the diffusion length (L) measured by SSPG is 
reported to decrease with the increasing intensity of light [77]. Since 
the effect of light is to reduce the potential fluctuations that might be 
present in the material, this is imderstandable. Further, as already 
mentioned in the Sec. 2.3.1, the SSPG measurements are performed in 
presence of a bias light and are therefore likely to underestimate L. 

Since the LPV measurements reported in Chapter 4 are done in 
the absence of any bias light, it is not correct to use the L measured 
in the presence of bias light in Eq-. (5.13) to calculate LPV. Since the 
bias light is expected to reduce the potential fluctuations [115], LPV 
is expected to be smaller when measured in the presence of bias light. 
We indeed find that the value of LPV is much smaller with the bias 
light than that measured without bias light (See Fig 5.3). The LPV 
measured with bias hght is comparable to the calculated value (See 
Fig. 5,1). This supports the potential fluctuations model for LPV. 

Now we show that in this model, N is expected to have a larger 
value than that estimated from the rigid band model(section 5.1.2). 
The increase of LPV after light soaking can also be explained on the 
basis of proposed potential fluctuation model. 
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Figure 5.3: LPV, measured in the light soaked state of a-Si:H (si), 
in the presence of a strong bias light is plotted after multiplying by 10. 
For comparison LPV on the same sample, measured without bias light 
is also shown. LPV with bias light is much smaller than that without 
the bias light. 
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Figure 5.4: (a) For energy below the percolation threshold there are 
localized allowed regions L embedded in prohibited space P as seen in 
the top of the Fig. (b) When E — the first allowed paths (channeling 
states) A appear and connect one side of the material with the other. 
They coexist with the allowed islands L as shown in the middle part, 
(c) At high energies E Ea the prohibited regions have shrunk to 
isolated islands. After ref. 18. 
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It is to be noted that only those charges which are above the per- 
colation threshold give rise to photocurrent; however, N in Eq. (5.13) 
includes all charges i.e., those in the localized states also, since these 
also contribute to LPV. Though, we have taken into account the lo- 
calized charges in the calculation of LPV , their estimate was based 
on the assumption of rigid band picture in which all the states above 
the conduction band edge are believed to be extended states. However, 
in the potential fluctuation model, there are regions of localized states, 
marked by letter L in Fig. 5.4, that coexist with the extended (channel- 
ing) states marked by A. In particular the first extended states close to 
Ec and the percolation edges, are the channeling states which oc- 
cupy a small fraction of space and coexist with many localized regions 
L [18]. The contribution to N from the charges in the localized regions 
above the percolation edge can be quite large as the channeling states 
occupy only a small fraction of space in the material. Therefore, we 
expect larger potential fluctuations to give rise to larger LPV. 

It has been reported by several workers [32, 116, 117] that the effect 
of light soaking is to increase the potential fluctuations. Thus, the ob- 
served increase in LPV after LS (see Table 4.1) for both the samples 
si and s2 is as expected. Similar comments can be made about the 
a-SiGe:H alloy sample also. However, it does not seem fair to compare 
a-SiGe:H sample with a-Si:H samples (with no Ge) as their band gaps 
and other parameters are quite different. 

LPV decreases with increasing temperature and has temperature 
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dependence as shown in Figs. 4.10 and 4.11 for samples si and s2. 
The temperature dependence can also be quahtatively understood. As 
the measurement temperature is raised, the charges in the localized 
regions above percolation threshold have higher recombination prob- 
ability which, in turn, may lead to smaller L as well as decreased N 
resulting in a smaller LPV as observed. 

5.4 Effect of Band Bending on LPV 

So far we have considered only the role of potential fluctuations on 
LPV, However, both a-Si:H and a-SiGe:H films may have band bend- 
ing at the surfaces and these might also contribute to the magnitude 
of LPV, If the bands at the top and bottom surfaces are bent m the 
appropriate directions, they can help in separating the photogenerated 
carriers so that they do not recombine easily. This may result in larger 
diffusion lengths L and therefore large LPV, In the absence of any 
definite information about the surface band bending, it is difficult to 
estimate the extent to which the band bending does affect the carrier 
diffusion by separating them physically to different regions. However, 
it can be said that the band bending are presented with different sce- 
narios in SSPG and LPV and might play different roles. 

Prom the above discussion, it is clear that the large magnitude of 
LPV, which appears to be anomalous and is difficult to accoxmt for by 
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the diffusion lengths considerations in a rigid band model, can be ex- 
plained by taking the potential fluctuations into account. The potential 
fluctuations are known to influence the carrier transport in amorphous 
silicon. Here, we have seen how these potential fluctuations might 
influence the diffusion length L and number of charge carriers that 
should be taken into account for estimating LPV. Further, these con- 
siderations also explain the observed decrease in LPV with increasing 
temperatures and an increase in it after light soaking quite well. 



CHAPTER 


srx 


Summary and Conclusions 


Hydrogenated amorphous siKcon (a-SiiH) and amorphous sihcon ger- 
manium (a-SiGe:H) films have been prepared by r.f. glow discharge 
technique and characterized structurally, electrically and optically X- 
ray diffraction and electron diffraction show that these samples have 
amorphous structure. Conductivity (cr), Photoconductivity, and opti- 
cal gap are found to be similar to those reported in the literature for 
good quality a-Si:H. The density of states measurements by constant 
photocurrent method (CPM) indicate that these samples are of device 
quality. 

We have used the Steady State Photocarrier Grating (SSPG) tech- 
nique to measure the ambipolar (holes) diffusion length (L) in a-Si:H 
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and a-SiGe:H samples. Table 4.1 summarizes the resTilts. Moreover, 
we note that L decrease with incorporation of germanium in the films. 
This decrease in L with the Ge incorporation is attributed to the in- 
crease in the density of localized states [118-120] and is also supported 
by our CPM measurements Table 2.1. Moreover, for all the samples 
studied the diffusion length decreases with light soaking as the den- 
sity of localized states rises upon LS. These findings are as expected 
and are in agreement with the published results [76-78]. 

A large open circuit voltage develops between two coplanar elec- 
trodes when the samples are illuminated by a laser spot between them. 
This Lateral photovoltage (LPV) depends on the position of the laser 
spot and decreases as the measurement temperature increases. Al- 
though light soaking decrease L, we find that contraiy to our expecta- 
tions, LPV increases. 

The existence of LPV can be xmderstood in terms of photocarrier 
diffusion. Since the electrons and holes have different diffusion lengths, 
they diffuse and give different charge profiles. If the two electrodes are 
at unequal distances from the illuminated spot, they will be at different 
electrostatic potentials. Based on this, an estimate of LPV is made as 
described in Chapter 5. We find that LPV oc L^N, where L is the hole 
diffusion length and N the total number of photogenerated carriers. As 
the diffusion length is foxind to reduce upon fight soaking (LS), the in- 
crease in LPV after LS is counterintuitive. Moreover, the magnitude 
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of LPV measured in all cases is found to be much larger than calcu- 
lated using the measured L and the number of available photocarriers 
(N) estimated from photoconductivity. 

Thus, LPV is an interesting phenomenon from the physics point of 
view. Moreover, the observation of large LPV (nearly lOOmV in some 
cases) shows that this simple device structure can be used as a large 
area position sensitive detector. 

We have shown that LPV can not be explained using the rigid band 
model and find that heterogieneities can explain our results. The het- 
erogeneities may arise from nommiform distribution of hydrogen and 
variation in Si, Ge concentration from point to point in the a-SiGre:H 
films. They are expected to give rise to potential fluctuations as ex- 
plained in Sec. 1.2 [18]. In our model, the effect of these potential 
fluctuations is two fold. The electrons and holes may get separated 
spatially in the presence of the potential fluctuations. This tends to 
reduce their recombination probabihty and might result in an increase 
of L. One might argue that since we are using the value of L which we 
actually measured by SSPG; this has to correct. However, we note that 
SSPG measures L in the presence of bias light since one of the beams 
is much stronger than the other as explained in the Sec. 2.3.1. Since 
we cannot measure L without disturbing potential fluctuations by bias 
light, we measured LPV in the presence of bias light, instead. If bias 
reduces L, LPV should also be reduced. This is indeed observed (See 
Fig. 5.3). This explanation of LPV in terms of potential fluctuations 
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agrees with the observation of Weiser and Ritter [77], who found that 
the value of L measured by SSPG decreases, as the light intensity in- 
creases. Further, we note that SSPG measurements are always done in 
the presence of light, and therefore, expected to give a smaller L than 
its value in dark. 

Further, in the potential fluctuation model, there are channel states 
which conduct and there are large regions of carrier occumulation which 
do not participate in conduction. Therefore, photoconductivity takes 
into account only the charges in the channel states, whereas, all charges 
including those outside the channel also contribute to LPV. Thus the 
value of N used in calculaing LPV is likely to be underestimated by a 
large amount. Hence, larger potential fluctuations are likely to give 
large LPV since both N and L in Eq. (5.13) are expected to have 
higher values than obtained from the rigid band model. 

The increase in LPV after light soaking in all the samples can also 
be explained by this model. Since light soaking increases the potential 
fluctuations [116, 117], the increase in LPV is understandable. 

Thus we can explain all our data by the potential fluctuation model. 
A more quantitative analysis is not possible at this stage. It is, how- 
ever, clear that more heterogeneous sample should show larger LPV 
since the potential fluctuations are more. This is an interesting obser- 
vation which could be useful in comparing quality of samples prepared 
imder different conditions. This requires more experimentation. 
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Other factors like band bending at the surfaces might also con- 
tribute to large magnitude of LPV by physically separating the car- 
riers, whereby decreasing their recombination in the similar way as 
the potential fluctuations. 

Scope of future work 

It is shown that the LPV can be understood in terms of potential fluc- 
tuations which arise out of heterogeneities in these materials. In or- 
der to farther understand the physics of LPV the first step would 
be a simultaneous measurement of LPV and potential fluctuations 
in the same sample. The potential fluctuations can be estimated by 
conductivity and thermopower measurement [24, 33], LPV measure- 
ments coupled with conductivity aind thermopower on a set of samples 
prepared under different preparation conditions and having different 
hydrogen concentrations may help in correlating LPV with potential 
fluctuations in a quantitative manner. 

Moreover, wavelength dependence of LPV might help in under- 
standing the role of suifaces as well as the various locahzed states in 
the gap. As the absorption coefficient increases with the energy of inci- 
dent light, different depths of the sample can be probed by measuring 
LPV at different wavelengths and it can be found if the surfaces have 
any role to play in LPV. The LPV measurement at different wave- 
lengths in the presence of strong bias light is also expected to reveal 
if surface band bending plays any significant role in LPV. LPV can 
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also be measured with chopped light and its frequency dependence may 
help us in understanding the recombination mechanism. 

On the theoretical side, it would be desirable to construct a model to 
correlate LPV with the width of potential. This could be done by com- 
puter simulation in a manner similar to the one used in the analysis of 
conductivity and thermopower data [24] . 

LPV appears to be powerful tool to compare the heterogeneities 
present in different samples. However, a more detailed study needs to 
be done to be sure of the efficacy of this approch. 

To summarize we can say that a lot of interesting physics remains 
to be studied in a-Si:H vis-a-vis Lateral Photovoltage and both experi- 
mental as well as theoretical work is required in order to understand 
LPV reasonably well. 
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Transmission Measurement 


Assuming that the substrate is non-absorbing and K = 0 which is true 
for most part of the spectrum we have [96] 


where 


(jB ~ Cxcos(j) + Dx^) 

(A.1) 

A = 16n^s, 

(A.2) 

B = (n + l)^(n + 5^), 

(A.3) 

C = 2(n^ — 

(A.4) 

D = {n — l)^(n — s) 

(A.5) 

(j) z=z ATtridlX 

(A.6) 
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T,=l, n=l ; a=0 Air 

Substrate s=1.51, a=0 

Tj=l, n=l : Air 


Figure A.1: The schematic shows the transmission geometry of a-Si:H 
thin film on a non-absorbing substrate 

X = exp(--ad). (A.7) 

The symbols are defined in the Fig. A.1. Fig. A.2 shows the transmis- 
sion spectrum of an a-Si:H thin film. Tm and Tm are envelopes of 
maxima and minima of the interference fringes. 

Determination of n(A) 

The refractive index n(A) of a-Si:H thin film is given by different ex- 
pression in the different regions of the transmission spectmm. The 
transmission spectrum can be divided into three regions: (i) the trans- 
parent region (Tm > 0,9), (ii) weak and medium absorption region 
(0.9 > Tm > 0.5) and (iii) a strong absorption region (Tm > 0.5). The 
absorption coefficient a is given in the closed forms [96], 
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Figure A.2: Tranmission spectrum of a-Si:H thin film on 7958 glass 
substrate. 

The transparent region 

n = (M + (M^ — (A.8) 

Where M = {2s /Tm) — (s^ + l)/2 and a = 0. 

Weak and medium absorption 

n= (JV + {N^ — (A.9) 


^ ^ -Tm) _s^ + l 

TMTm 2 


where 
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and 

_F- (F^ - {n^ - l)3(n2 - s^)) 72 
^ (n — l)^(n — s^) 

where 

^n^siTM + Tm) 

TuTm 

The strong absorption region 


(A. 10) 


As seen from the Fig. A.l, there is no interference fringes in the trans- 
mission spectrum in this region, n( A) is calculated by the extrapolation 
of n(A) obtained in the other two regions, using the Cauchy’s relation 

n(A) = A H- B/A^ (A.11) 


and 


X 


(n + l)®(n -I- s^) 


To 


(A.12) 


16n^s 

where s = 1.51 is the refractive index of the 7059 glass and To is the 
measured transmission in the interference free region (Fig. A.2). 


Determination of a 

The values of the refractive index n(A) calculated for different regions 
are used to calculate the values of a; in the respective region. Now 
using X = exp{—ad) the values of a can be obtained as a function of 
wavelength. 
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The optical gap of the film is obtained from straight line region of 
the plot of yj {othu) vs hu as in this region 

y/ {ochu) = A X {hu - Eg). (A.13) 

Prom this graph, Eg is the intercept of the straight line on the energy 


axis. 
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